Insulin resistance precedes the development of type 2 diabetes, and it is associated with cardiovascular disease. Recent evidence suggests that muscle insulin resistance coincides with extramyocellular adaptations, including extracellular matrix (ECM) remodeling and capillary rarefaction ([@B1]--[@B4]). Kang et al. ([@B1]) established that the accumulation of ECM proteins and lower capillary number correspond to muscle insulin resistance in mice fed a high-fat (HF) diet ([@B1],[@B2]). The vascular and ECM abnormalities associated with obesity provide novel therapeutic targets to simultaneously treat insulin resistance and its coaggregates.

The hemodynamic action of insulin is fundamental to skeletal muscle metabolism during insulin stimulation ([@B5],[@B6]). Hyperinsulinemia increases skeletal muscle microvascular blood volume, thus enhancing nutrient and hormone flux to this tissue ([@B7]--[@B9]). Previous studies estimated that 40% of insulin-stimulated muscle glucose uptake (MGU) was a result of increased muscle perfusion and that this hemodynamic response is diminished in insulin-resistant individuals ([@B10],[@B11]). Studies applying metabolic control analysis demonstrated that the vascular delivery of glucose to the muscle is a major limitation to insulin-stimulated MGU ([@B12],[@B13]). Mice fed an HF diet have attenuated vascular insulin signaling that precedes the impairment in insulin-responsive tissues such as skeletal muscle, liver, and adipose tissue ([@B14]). Kubota et al. showed that impaired endothelial insulin signaling in mice lacking endothelial insulin receptor substrate 2 prevented endothelial nitric oxide synthase activation and resulted in decreased muscle perfusion, substrate delivery, and MGU during steady-state hyperinsulinemia ([@B15]).

Relaxin (Rlx), a 6-kDa protein hormone, has potent vasodilatory and antifibrotic actions ([@B16]--[@B20]). Rlx augments circulating vascular endothelial growth factor (VEGF)-A concentrations, which have been shown to be essential to the vasodilatory response ([@B21]). Furthermore, Rlx-induced VEGF expression stimulates the integration of bone marrow--derived endothelial cells into sites of vasculogenesis to enhance vessel growth ([@B22],[@B23]). In experimental models of type 1 diabetes and hypertension, Rlx attenuated the fibrotic response in cardiac and renal tissues, respectively ([@B18],[@B19]). An important mechanism for the antifibrotic actions of Rlx is blunted transforming growth factor-β signaling, which can reduce collagen deposition ([@B24]--[@B27]). Rlx regulation of matrix metalloproteinase (MMP), such as MMP-2 and MMP-9, activities has been shown to be important to the ECM remodeling mechanism of Rlx and the acute vasodilatory response ([@B24],[@B27],[@B28]). The pleiotropic actions of Rlx provide an intriguing therapeutic candidate for insulin resistance.

The goal of the current investigation was to determine the viability of Rlx intervention in rescuing muscle insulin resistance. The hypotheses tested herein are that acute Rlx infusion will enhance skeletal muscle perfusion and insulin action in lean mice but not in mice fed an HF diet, and chronic Rlx intervention in mice fed an HF diet will reverse muscle insulin resistance, enhance endothelial reactivity, and augment skeletal muscle capillarity.

RESEARCH DESIGN AND METHODS {#s1}
===========================

Mouse models. {#s2}
-------------

The Vanderbilt University Animal Care and Use Committee approved all animal protocols. Mice were housed with a 12:12-h light:dark cycle in a temperature-controlled and humidity-controlled environment. Male 6-week-old C57BL/6J mice (The Jackson Laboratory) were placed on either chow diet (5001 Laboratory Rodent Diet) or HF diet (F3282 Bioserv) containing 5.5% or 60% calories as fat, respectively. In protocol 1, mice fed chow diet or HF diet for 13 weeks had a primed (10 µg) continuous infusion (15 µg/h) with recombinant H2 Rlx (Corthera) or vehicle (20 mmol/L sodium acetate; pH 5.0) for a total of 6.5 h. The infusion of Rlx or vehicle began 1 h after the onset of the fast and lasted for the duration of the hyperinsulinemic-euglycemic clamp. In protocol 2, mice were fed an HF diet for 13 weeks. At week 10 of the HF diet, osmotic minipumps (Alzet models 2001 and 2002; replaced after 2 weeks) were implanted subcutaneously to deliver Rlx at a rate of 1 mg · kg^−1^ · day^−1^ or vehicle.

Assessment of body composition and cardiac function. {#s3}
----------------------------------------------------

Body composition was determined in protocol 2 using an mq10 nuclear magnetic resonance analyzer (Bruker Optics). Echocardiogram (Sonos 5500 system; Agilent) and blood pressure were measured with a blood pressure transducer via a carotid arterial catheter with the assistance of the Cardiovascular Pathophysiology and Complications Core of the Vanderbilt Mouse Metabolic Phenotyping Center.

Hyperinsulinemic-euglycemic clamps (insulin clamp). {#s4}
---------------------------------------------------

One week before insulin clamps, mice had carotid artery and jugular vein catheters surgically implanted for sampling and infusions, respectively ([@B29]). In the chronic Rlx and vehicle protocols, osmotic minipumps were replaced at the time of catheter implantation to avoid volume depletion. Mice were fasted for 5 h before the start of the insulin clamp. The insulin clamps were performed as described previously ([@B1],[@B29]--[@B31]). The method used by our laboratory does not require that mice are handled ([@B29],[@B32]). Erythrocytes were replaced to prevent a decline in hematocrit that occurs with repeated blood sampling. Basal arterial glucose--specific activity was measured at −15 min and −5 min, and arterial insulin was measured at −5 min. The clamp was initiated at 0 min with a continuous insulin infusion (4 mU · kg^−1^ · min^−1^) that was maintained for 155 min. Arterial glucose was determined at 10-min intervals to provide feedback to adjust the rate of exogenous glucose (glucose infusion rate \[GIR\]) as needed to clamp glucose. \[3-^3^H\]glucose kinetics were determined at 10-min intervals between 80 and 120 min because insulin action is in a steady state by this interval. Plasma insulin during the clamp was measured at 100 min and 120 min. A 13-µCi intravenous bolus of 2\[^14^C\]deoxyglucose (2\[^14^C\]2DG) was administered at 120 min. 2\[^14^C\]2DG was used to determine the glucose metabolic index (R~g~), an indication of tissue-specific glucose uptake. Blood samples were collected at 2, 15, 25, and 35 min after the injection to measure the disappearance of 2\[^14^C\]DG from the plasma. After the last sample of the insulin clamp, 50 µL yellow DYE-TRAK 15-μm microspheres were injected into the carotid artery in some studies to determine microsphere content in skeletal muscle and the left and right kidneys.

Processing of plasma and tissue samples. {#s5}
----------------------------------------

Arterial insulin was determined by ELISA (Alpco). Radioactivity of \[3-^3^H\]glucose, 2\[^14^C\]DG, and 2\[^14^C\]DG-6-phosphate were assessed by liquid scintillation counting ([@B31]). Whole-body glucose appearance (R~a~) and glucose disappearance (R~d~) were calculated using non--steady-state equations ([@B33]). Endogenous glucose production (endoR~a~) was calculated by subtraction of the GIR from total glucose R~a~. Muscle R~g~ was calculated as previously described ([@B31]). Free fatty acids were assessed spectrometrically by an enzymatic calorimetric assay (NEFA C Kit; Wako Chemicals). Basal free fatty acids were an average of samples taken at −15 min and −5 min, and the free fatty acid levels during the insulin clamp were the average at 80 min and 120 min. After overnight tissue digestion, microspheres were resuspended and the fluorescent dye was eluted as previously described ([@B34]). Absorbance of the eluent was read at 450 nm. Microspheres with absorbance at 670 nm were added to monitor the assay recovery. The plasma and tissue VEGF were assayed by the manufacturer's specifications (VEGF ELISA Kit, Mouse No. QIA52; Calbiochem) to detect VEGF~120~ and VEGF~164~ isoforms.

Ex vivo muscle glucose uptake. {#s6}
------------------------------

Isolated muscle (soleus and extensor digitorum longus) 2-deoxyglucose uptake was measured as previously described ([@B35]). After a 15-min basal incubation period, muscles were transferred to fresh media and incubated for 30 min in the absence or presence of insulin (10 mU/mL). After stimulation, 2-deoxy-[d]{.smallcaps}-glucose uptake was measured for 10 min in fresh media in the absence or presence of insulin by adding cold 2-deoxy-[d]{.smallcaps}-glucose (1 mmol/L) and tracers 2-\[1,2-^3^H\]deoxy-[d]{.smallcaps}-glucose (0.25 μCi/mL) and D-\[1-^14^C\]mannitol (0.16 Ci/mL). Muscles were then lysed, and radioactivity in the supernatant was measured.

Aortic ring reactivity. {#s7}
-----------------------

After the insulin clamps in protocols 1 and 2, mouse aortas were excised and placed directly in HEPES buffer (140 mmol/L NaCl, 4.7 mmol/L KCl, 1.0 mmol/L MgSO~4~, 1.0 mmol/L NaH~2~PO~4~, 1.5 mmol/L CaCl~2~, 10 mmol/L glucose, and 10 mmol/L HEPES; pH 7.4) and immediately suspended in a muscle bath apparatus. Subcutaneous fat and adventitial tissues were removed, after which the aorta was sectioned to create rings. Smooth muscle relaxation and contraction were determined with sodium nitroprusside and phenylephrine after maximal contraction with KCl. Endothelial-dependent relaxation was determined with carbachol as described ([@B36],[@B37]).

Gelatin zymography. {#s8}
-------------------

The activation of MMP-2 and of MMP-9 was determined using the gelatin zymograph technique ([@B38]). Briefly, gastrocnemius was homogenized in buffer containing 0.5% Triton X-100, 100 mmol/L EDTA, and 10 µL/mL protease inhibitor (pH 7.5). Homogenates were centrifuged at 13,000 rpm for 20 min. Supernatants were incubated at 4°C for 2 h with 40 µL gelatin-Sepharose (Pharmacia). The gelatin-Sepharose beads were resuspended in nonreducing sodium dodecyl sulfate sample buffer and loaded on 10% zymogram gels (Invitrogen). The gel was developed according to the manufacturer's instructions.

Immunohistochemical analyses of collagen and capillary density. {#s9}
---------------------------------------------------------------

Collagen III, collagen IV, and CD31 were assessed by immunohistochemistry in paraffin-embedded tissue sections as described previously ([@B1]). Five-micron sections were placed on charged slides, and paraffin was removed. The sections were then incubated with the following primary antibodies for 60 min: anticollagen III (CosmoBio), anticollagen IV (Abcam), or anti-CD31 (BD Biosciences). Staining was quantified with ImageJ software.

Immunoblotting. {#s10}
---------------

Cardiac, liver, and gastrocnemius samples were homogenized in buffer containing 50 mmol/L Tris-HCl (pH 7.5), 1 mmol/L EDTA, 1 mmol/L EGTA, 10% glycerol, 1% Triton X-100, 1 mmol/L dithiothreitol, 1 mmol/L phenylmethylsulfonyl fluoride, 5 µg/mL protease inhibitor, 50 mmol/L NaF, and 5 mmol/L sodium pyrophosphate. Samples were then centrifuged at 13,000 rpm for 20 min at 4°C; 30 µg supernatant was loaded onto 4--12% SDS-PAGE gel. The gel was transferred to polyvinylidene fluoride membrane and incubated overnight with phosphorylated (Ser 473) and total Akt antibodies (Cell Signal) or glyceraldehyde-3-phosphate dehydrogenase (Abcam) in liver and gastrocnemius samples. Cardiac samples were incubated with phosphorylated SMAD2 (Ser 465/467) and total SMAD2 (cell signal), and glyceraldehyde-3-phosphate dehydrogenase was used as the loading control.

Statistical analysis. {#s11}
---------------------

Student *t* test or two-way ANOVA, followed by Tukey post hoc tests when appropriate, was used to determine statistical significance. Data are expressed as mean ± SE. The significance level was *P* ≤ 0.05.

RESULTS {#s12}
=======

Protocol 1: Acute Rlx infusion enhances insulin-stimulated MGU in chow-fed but not in HF-fed mice {#s13}
-------------------------------------------------------------------------------------------------

### Glucoregulatory. {#s14}

To test the hypothesis that a 6.5-h Rlx infusion enhances insulin-stimulated MGU in chow-fed mice, insulin clamps were performed in 5-h fasted mice. There was no difference in body weight between treatment groups ([Table 1](#T1){ref-type="table"}). The acute Rlx group had greater fasting arterial insulin; however, no change in fasting arterial glucose was present ([Table 1](#T1){ref-type="table"}). Insulin clamps were performed to determine in vivo muscle insulin action in conscious unrestrained mice ([@B29]). During the steady-state period of the insulin clamp (80--120 min), Rlx-treated mice required a higher GIR to maintain euglycemia compared with vehicle-infused mice (*P* ≤ 0.05; [Fig. 1*A*](#F1){ref-type="fig"}). The increase in GIR was independent of changes in the suppression of endoR~a~ ([Fig. 1*B*](#F1){ref-type="fig"}). The enhanced GIR in the Rlx group was attributable to an augmented whole-body glucose disappearance (R~d~) during the clamp steady-state period (*P* ≤ 0.05; [Fig. 1*B*](#F1){ref-type="fig"}). The R~g~ in the Rlx infusion group was greater in the gastrocnemius, superior vastus lateralis (SVL), and heart (*P* ≤ 0.05; [Fig. 1*C*](#F1){ref-type="fig"}). The in vivo muscle glucose flux data coincided with augmentation of the ratio of phosphorylated Akt to total Akt in the gastrocnemius (*P* ≤ 0.05; [Supplementary Fig. 1*B*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-0033/-/DC1)).

###### 

Insulin clamp characteristics in protocol 1

![](3251tbl1)

![Protocol 1: chow-fed mice. Hyperinsulinemic-euglycemic clamps, glucose flux analysis, and vascular reactivity after a 6.5-h Rlx or vehicle infusion were performed in lean mice. *A*: Glucose infusion rate (*top*) and arterial glucose (*bottom*) during the insulin clamp. Mice were fasted 5 h before the onset of the clamp. Blood glucose was maintained at ∼150 mg/dL during steady state (80--120 min), and the time course is displayed to demonstrate quality of the clamp; 50% glucose was infused to maintain euglycemia. *B*: EndoR~a~ and R~d~ during the insulin clamp. Basal values are an average of −15 min and −5 min, and the insulin clamp values are an average of 80--120 min (steady state). *C*: R~g~ after the insulin clamp in the gastrocnemius, SVL, and heart. *D*: Endothelial and smooth muscle--dependent relaxation in aortas excised from mice after the insulin clamp in response to carbachol (Cch) and sodium nitroprusside (SNP), respectively. Data are expressed as mean ± SE. *n* = 8--9. \**P* ≤ 0.05.](3251fig1){#F1}

The acute Rlx infusion of protocol 1 was repeated in HF-fed mice. In contrast to the chow-fed mice, there was no difference in insulin action and glucose fluxes between the Rlx and vehicle-infused groups. There was no difference in body weight or arterial glucose and insulin levels in the fasted and clamp states ([Table 1](#T1){ref-type="table"}). The GIR during the insulin clamps were equal ([Fig. 2*A*](#F2){ref-type="fig"}). The endoR~a~ and R~d~ were comparable between groups in the basal and insulin clamp states ([Fig. 2*B*](#F2){ref-type="fig"}). The R~g~ data corresponded to the flux analysis with no difference in the gastrocnemius, SVL, or heart ([Fig. 2*C*](#F2){ref-type="fig"}). HF-fed mice are resistant to the acute effects of Rlx.

![Protocol 1: HF-fed mice. Hyperinuslinemic-euglycemic clamps, glucose flux analysis, and vascular reactivity after a 6.5-h Rlx or vehicle infusion were performed in HF-fed mice. *A*: Glucose infusion rate (*top*) and arterial glucose (*bottom*) during the insulin clamp. Mice were fasted 5 h before the onset of the clamp. Blood glucose was maintained at ∼150 mg/dL during steady state (80--120 min), and the time course is displayed to demonstrate quality of the clamp; 50% glucose was infused to maintain euglycemia. *B*: EndoR~a~ and R~d~ during the insulin clamp. Basal values are an average of −15 min and −5 min, and the insulin clamp values are an average of 80--120 min (steady state). *C*: R~g~ after the insulin clamp in the gastrocnemius, SVL, and heart. *D*: Endothelial and smooth muscle--dependent relaxation in aortas excised from mice after the insulin clamp in response to carbachol (Cch) and sodium nitroprusside (SNP), respectively. Data are expressed as mean ± SE. *n* = 5.](3251fig2){#F2}

Ex vivo glucose uptake was determined in isolated muscle from chow-fed mice that underwent 6.5-h Rlx infusion identical to the insulin clamp cohorts. Isolated glucose uptake was performed only in the chow-fed mice because of the enhanced insulin clamp R~g~. Glucose uptake in isolated muscle removes the vascular delivery barrier of MGU during hyperinsulinemia. There was no difference in basal or insulin-stimulated glucose uptake in isolated soleus or extensor digitorum longus muscles between groups ([Supplementary Fig. 1*A*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-0033/-/DC1)).

### Vascular. {#s15}

The 6.5-h Rlx infusion enhanced the hemodynamic response to insulin in chow-fed mice. Endothelial-dependent aortic ring relaxation in the Rlx group was amplified, with no difference in smooth muscle--dependent relaxation (*P* ≤ 0.05; [Fig. 1*D*](#F1){ref-type="fig"}). The acute enhancement in endothelial-specific vascular reactivity was absent in the HF-fed cohort ([Fig. 2*D*](#F2){ref-type="fig"}). Muscle blood flow was increased in the Rlx group as indicated by a 2.5-fold increase in gastrocnemius microsphere content (*P* ≤ 0.05; [Supplementary Fig. 1*C*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-0033/-/DC1)). The 6.5-h Rlx infusion resulted in a 2.5-fold increase in MMP-9 and pro-MMP-2 activities (*P* ≤ 0.05; [Supplementary Fig. 1*D*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-0033/-/DC1)).

Protocol 2: Rlx intervention reverses diet-induced insulin resistance and the associated extramyocellular adaptations {#s16}
---------------------------------------------------------------------------------------------------------------------

### Glucoregulatory. {#s17}

To test the hypothesis that intervention with Rlx can reverse muscle insulin resistance and the extramyocellular adaptations to a HF diet, mice were treated with Rlx or vehicle for the final 3 weeks of a 13-week HF diet. Rlx intervention did not alter body weight or composition ([Table 2](#T2){ref-type="table"}). Furthermore, the 3-week Rlx treatment did not result in differences in mean arterial blood pressure or cardiac morphology ([Table 2](#T2){ref-type="table"}). Insulin clamps were performed after the 3-week intervention. Fasting (5 h) arterial glucose was lower in the Rlx-treated mice (*P* ≤ 0.05; [Table 2](#T2){ref-type="table"}). During the steady-state period of the insulin clamp, the Rlx group required a higher GIR to maintain euglycemia at ∼150 mg/dL (*P* ≤ 0.05; [Fig. 3*A*](#F3){ref-type="fig"}). Rlx did not affect fasting glucose fluxes. Insulin suppressed endoR~a~ during the steady-state period to a greater extent with Rlx intervention (*P* ≤ 0.05; [Fig. 3*B*](#F3){ref-type="fig"}), suggesting improved hepatic insulin action. The greater GIR in the Rlx-treated group corresponded to enhanced whole-body R~d~ during the steady-state period of the insulin clamp (*P* ≤ 0.05; [Fig. 3*B*](#F3){ref-type="fig"}). R~g~ was elevated in the gastrocnemius and SVL in the Rlx group compared with vehicle during hyperinsulinemia (*P* ≤ 0.05), and cardiac muscle R~g~ tended to be higher (*P* = 0.1; [Fig. 3*C*](#F3){ref-type="fig"}). Skeletal muscle and ratio of hepatic phosphorylated Akt to total Akt tended to be higher after the Rlx intervention, but differences were not significant ([Fig. 4*A*](#F4){ref-type="fig"}).

###### 

Treatment group characteristics in protocol 2

![](3251tbl2)

![Protocol 2: hyperinsulinemic-euglycemic clamps, glucose flux analysis, and isolated muscle glucose uptake after the 3-week Rlx or vehicle intervention in HF-fed mice. *A*: Glucose infusion rate (*top*) and arterial glucose (*bottom*) during the insulin clamp. Mice were fasted 5 h before the onset of the clamp. Blood glucose was maintained at ∼150 mg/dL during steady state (80--120 min) and the time course is displayed to demonstrate quality of the clamp; 50% glucose was infused to maintain euglycemia. *B*: EndoR~a~ and R~d~ during the insulin clamp. Basal values are an average of −15 min and −5 min, and the insulin clamp values are an average of 80--120 min (steady state). *C*: R~g~ after the insulin clamp in the gastrocnemius (gastroc), SVL, and heart. *D*: Isolated muscle glucose uptake on the soleus and extensor digitorum longus (EDL). Mice were fasted for 5 h before muscles were excised. Data are expressed as mean ± SE. *n* = 11--13. \**P* ≤ 0.05.](3251fig3){#F3}

Ex vivo glucose uptake in isolated soleus and extensor digitorum longus showed no difference between the vehicle or Rlx groups ([Fig. 3*D*](#F3){ref-type="fig"}). This suggests that the extramyocellular effects of Rlx are key to the effectiveness of Rlx intervention in HF-fed mice.

### ECM remodeling. {#s18}

Collagen III and collagen IV levels were equivalent in skeletal muscle between treatment groups ([Fig. 4*B* and *C*](#F4){ref-type="fig"}). The improvement in hepatic insulin action with Rlx treatment was associated with reduced collagen III (*P* ≤ 0.05; [Fig. 4*D*](#F4){ref-type="fig"}). Cardiac collagen III and collagen IV were increased in response to the HF diet but were reduced by ∼50% and ∼65%, respectively, after the 3-week Rlx intervention (*P* ≤ 0.05; [Fig. 5*A* and *B*](#F5){ref-type="fig"}). This effectively normalized these ECM proteins to levels of lean mice. The abatement in cardiac ECM protein associated with a reduction in SMAD2 phosphorylation (*P* ≤ 0.05; [Fig. 5*C*](#F5){ref-type="fig"}), which is a marker of transforming growth factor-β receptor downstream activation.

![Protocol 2: insulin signaling and immunohistochemical stain of skeletal muscle and liver. Western blot analysis of the activation status of Akt (*A*) analyzed as the ratio of phosphorylated Akt (p-Akt) to total Akt in liver (*top*) and skeletal muscle (*bottom*) from protein extracted from mice after the insulin clamp (V, vehicle; R, relaxin). Immunohistochemical detection of skeletal muscle collagen III (*B*) and collagen IV (*C*) from the gastrocnemius muscle. Immunohistochemical detection of hepatic collagen III (*D*). Immunohistochemical analysis was performed on tissues fixed immediately after the insulin clamp. Data are expressed as mean ± SE. AU, arbitrary units. *n* = 5--6. \**P* ≤ 0.05.](3251fig4){#F4}

![Protocol 2: collagen protein levels and SMAD2 signaling in cardiac muscle. Immunohistochemical detection of collagen III (*A*) and collagen IV (*B*) from hearts fixed after the insulin clamp. Western blot analysis of phosphorylated SMAD2 (p-SMAD2), total SMAD2, and the ratio of p-SMAD2 to total SMAD2 (*C*) from cardiac protein extracts after the insulin clamp. Data are expressed as mean ± SE. AU, arbitrary units. *n* = 5--6. \**P* ≤ 0.05.](3251fig5){#F5}

### Vascular. {#s19}

The enhanced muscle insulin action in Rlx-treated mice was associated with a two-fold expansion of skeletal muscle capillary density (*P* ≤ 0.05; [Fig. 6*A*](#F6){ref-type="fig"}). Improved vascular reactivity was present after the Rlx intervention, as indicated by augmented endothelial-dependent aortic relaxation (*P* ≤ 0.05; [Fig. 6*C*](#F6){ref-type="fig"}). There was no difference in smooth muscle--dependent relaxation in response to sodium nitroprusside and no significant change in the vasculature response to phenylephrine (PE) ([Fig. 6*C* and *D*](#F6){ref-type="fig"}). A potential common mechanism for the changes in skeletal muscle capillary density and endothelial-dependent relaxation is the elevated arterial VEGF concentrations after 3 weeks of continuous Rlx administration (*P* ≤ 0.05; [Fig. 6*B*](#F6){ref-type="fig"}).

![Protocol 2: capillarity density and vascular reactivity in response to the Rlx intervention. Capillary density (*A*) quantified with immunohistochemical staining of CD-31. Capillary density is quantified as the number of CD31^+^ cells. Plasma VEGF concentration (*B*) after the insulin clamps. Vascular reactivity (*C*) from excised aortas after the insulin clamps. Endothelial-dependent relaxation (*left*; carbachol \[Cch\]), smooth muscle--dependent relaxation (*middle*; sodium nitroprusside \[SNP\]), and stress generated from phenylephrine (*right*; PE). Responses represented as a percent of maximal tension from KCl stimulation. Data are expressed as mean ± SE. *n* = 5--8. \**P* ≤ 0.05.](3251fig6){#F6}

DISCUSSION {#s20}
==========

These studies demonstrate for the first time that infusion of the hormone Rlx acutely augments muscle perfusion and insulin-stimulated MGU in lean, healthy C57BL/6J mice. There is no such acute Rlx effect in HF-fed mice. However, results show that a 3-week Rlx intervention in HF-fed mice ameliorates the metabolic and cardiovascular dysfunction. It is important to recognize that the potent metabolic effects of Rlx were absent in isolated muscle fibers, regardless of whether Rlx was administered acutely in lean mice or as a chronic intervention in HF-fed mice. The data from isolated muscle support the hypothesis that Rlx diminishes the extramyocellular barriers to MGU during hyperinsulinemia.

Baron et al. ([@B8]) demonstrated that the coinfusion of insulin and a vasodilator in healthy subjects resulted in a synergistic effect to enhance limb blood flow and muscle glucose uptake. In congruence with this clinical study, the acute Rlx infusion in the chow-fed mice of protocol 1 increased steady-state R~d~ and muscle R~g~ during the insulin clamp. The Rlx-infused mice had greater muscle microsphere deposition at the termination of the insulin clamp and enhanced aortic ring relaxation, suggesting a greater hemodynamic response to insulin. The amplified muscle blood flow increases insulin and glucose access to the muscle interstitium. This would predictably enhance insulin action, as supported by augmented in vivo skeletal muscle insulin signaling. The increased pro-MMP-2 and MMP-9 activities were consistent with the acute vasodilatory mechanisms of Rlx ([@B28]).The equivalent basal and insulin-stimulated glucose uptake in isolated muscle suggests that the primary mechanism for the enhanced muscle R~g~ was independent of direct actions of Rlx on the myocyte.

The 3-week Rlx intervention in protocol 2 was effective in improving insulin action in HF-fed mice. The improvement in glucose homeostasis in both the fasted and insulin-stimulated state is speculated to be a result of the actions unique to Rlx that improve vascular adaptations to the HF diet. The isolated MGU data support this conclusion. Potentially, other extramyocellular factors that require long-term treatment, such as an increase in plasma VEGF, could be necessary for the in vivo glucoregulatory effects of Rlx that are absent ex vivo. Furthermore, Rlx has been shown to antagonize angiotensin II action ([@B39]), and the renin-angiotensin system has been implicated in the pathogenesis of skeletal muscle capillary rarefaction and insulin resistance ([@B40]). The glucoregulatory and vascular adaptations that are present with the long-term Rlx administration are notably absent in the HF-fed cohort of protocol 1. This may provide insight into the mechanism of Rlx action in HF-fed mice. It would suggest that an adaptive process, rather than acute activation, is required to overcome the impairments in insulin action in HF-fed mice. Rlx intervention previously has been shown to ameliorate endothelial dysfunction in models of hypertension ([@B20],[@B21],[@B41]). In the current model of HF diet--induced insulin resistance, Rlx improved endothelial dysfunction. The improvement in endothelial reactivity did not occur in HF-fed mice that underwent an acute Rlx infusion, suggesting long-term administration is necessary to overcome the vascular impairment associated with a HF diet ([@B42]). Rlx acts through an endothelial nitric oxide synthase--dependent pathway to cause vascular relaxation. It is speculated that the vascular remodeling and impaired endothelial nitric oxide synthase function present in HF-fed mice nullifies the acute Rlx effect in the HF-fed mice in protocol 1 ([@B43]). Consistent with this finding, acute administration of Rlx does not ameliorate hypertension in spontaneously hypertensive rats ([@B39]). Additionally, Rlx-treated mice had an approximately two-fold increase in skeletal muscle capillary density. Capillary rarefaction and endothelial dysfunction associated with obesity are critical to the pathogenesis of skeletal muscle insulin resistance ([@B44]--[@B47]). The actions of Rlx on the vasculature may enhance the hemodynamic response to hyperinsulinemia, thus augmenting microvascular perfusion. An increase in muscle blood volume would increase the surface area for insulin and glucose diffusion, in addition to other hormones and nutrients ([@B9],[@B13],[@B15],[@B48]). The likely mechanism for the improved endothelial function and expansion of skeletal muscle capillary density is the elevation in circulating VEGF, which has been shown to be critical to the sustained vasodilatory and angiogenic actions of Rlx ([@B21]--[@B23]).

The efficacy of Rlx to enhance MGU during hyperinsulinemia acutely in lean and chronically in HF-fed mice was independent of a direct interaction with the insulin receptor. Originally, Rlx was characterized to be part of the insulin family of proteins because of their common two-chain structure. More recent data demonstrated that Rlx diverged from the insulin family early in vertebrate evolution, forming a separate protein and receptor family ([@B49]). There is no evidence to support the cross-reactivity of Rlx with the insulin receptor because Rlx does not activate protein kinase receptors ([@B50]). The metabolic effects demonstrated in the current study were likely attributable to extramyocellular and extrahepatic adaptations to Rlx. Notably, the specific receptor for Rlx, RXFP1, has not been identified in skeletal myocytes or hepatocytes ([@B50]).

ECM deposition occurs in skeletal muscle, liver, and cardiac tissue of HF-fed rodents ([@B1],[@B51],[@B52]) and insulin-resistant humans ([@B2],[@B51],[@B53],[@B54]). The interaction of collagen proteins with the integrin receptors has been linked to the development of hepatic and skeletal muscle insulin resistance ([@B1]). In the current studies, Rlx reversed the deposition of hepatic collagen III, although there was no difference in hepatic collagen IV (data not shown). It is speculated that the improved hepatic insulin action was related to the reduction in collagen III and the potential interaction with the hepatic integrin receptors. Nonalcoholic fatty liver disease and nonalcoholic steatohepatitis are associated with the development and progression of fibrosis in type 2 diabetes and subsequent impairments in hepatic insulin action ([@B51],[@B55]). Previously, collagen III and collagen IV have been shown to be elevated in muscle of HF-fed mice and humans ([@B1],[@B2]); however, there was no difference in these collagen species in skeletal muscle in the current model, perhaps relating to differences in diet duration. Although collagen III and collagen IV are major components of the ECM, there are other distinct matrix proteins that could have been altered.

Rlx intervention diminished collagen III and collagen IV accumulation in the heart, which is consistent with the antifibrotic effects of long-term Rlx treatment shown in rodent models of type 1 diabetes ([@B18]) and hypertension ([@B19]). The decrease in cardiac ECM proteins after the Rlx treatment likely was a consequence of Rlx inhibiting the downstream activation of SMAD2 by transforming growth factor-β ([@B24],[@B25],[@B27]). The diminished cardiac collagen III and collagen IV and ameliorated endothelial dysfunction in protocol 2 emphasize that Rlx may be efficacious in the treatment of the broader dysfunction associated with the metabolic syndrome.

Macroangiopathies and microangiopathies correlate with insulin resistance ([@B56],[@B57]) leading to impaired tissue perfusion, which is a key component of the etiology of diabetes-related tissue and organ damage ([@B58]). Furthermore, endothelial dysfunction and capillary rarefaction contribute to hypertension and insulin resistance, both of which are components of the metabolic syndrome, and increase the risk of cardiovascular mortality ([@B47],[@B58],[@B59]). Thus, it is critical to consider the common underlying vascular pathologies to develop novel intervention strategies to treat the metabolic syndrome. However, a critical consideration for the long-term clinical administration of a vascular proliferative compound is the potential exacerbation of tumor development and metastasis. This is particularly important because there is a positive association between insulin resistance and many types of cancers ([@B60]). It is possible that chronic exposure to Rlx for the treatment of insulin resistance may exacerbate outcomes in cancer patients. Notably, Rlx is expressed at higher levels in prostate cancer and correlates to metastatic potential and diminished survival ([@B61]). The inhibition of RXFP1 has been investigated as a potential therapeutic target ([@B62]).

These studies demonstrate the effectiveness of Rlx in targeting the extramyocellular barriers to MGU for the treatment of insulin resistance. Intervention with the hormone Rlx targets multiple physiological systems to ameliorate cardiac and hepatic collagen accumulation, increase skeletal muscle capillary density, and improve diet-induced endothelial dysfunction. These effects contribute to the enhancement of in vivo insulin action in HF-fed mice and require an extended treatment period to mitigate these extramyocellular barriers to insulin-stimulated MGU. The results not only highlight the efficacy of Rlx in the correction of muscle insulin resistance but also demonstrate the potential therapeutic value of Rlx in reversing fibrosis and vascular dysfunction associated with a HF diet.

This article contains Supplementary Data online at <http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-0033/-/DC1>.
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